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Figure 11. TEM microgréphs shoing the microstructure of the AM 316 L SS heat treated at
1050°C/1h. The TEM specimen was taken from the grip section of specimen L205.

Figure 12. HAADF micrograph and EDS elemental maps of the AM 316 L SS heat treated at
1050°C/1h. The TEM specimen was taken from the grip section of specimen L205.
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Figure 13. Particle size distributions in the as-built condition (mean size = 25 nm) (left) and in
the 1050°C/1h heat treated condition (mean size = 87 nm) (right).
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TEM disk specimens were cut from the gauge section of specimens after creep tests to
examine the microstructural change during creep deformation. Electropolishing of TEM disks was
a challenge due to the presence of cracks, voids, or porosity. Electropolished thin foil specimens
were further ion milled to obtain appreciable thin areas for TEM observations.

Figure 14 shows the microstructure of the as-built AM 316L SS after the creep test at
550°C/275 MPa. Specimen was taken from the gauge of specimen L204. It was found that the
initial dislocation cells mostly evolved into dislocation tangles with some cell structures still
observable but less well defined. A similar observation was made in the 650°C/1h heat treated
specimen after the creep test, i.e. heavy dislocation tangles, but the cell structure was not evident,
as shown in Fig. 15 (TEM specimen was taken from the gauge section of specimen L206). The
through-focus imaging reveal features with lower electron density features in some of the grains,
segregated along dislocation lines. These features are possibly voids or precipitates, and their exact
nature is to be resolved. High density of dislocations was also observed in the 1050°C/1h heat
treated specimen after the creep test, as shown in Fig. 16. It appears that the end microstructure
after the creep test was similar regardless of the initial state.

Fast cooling rates during the laser powder bed fusion process can produce highly non-
equilibrium microstructure and high residual stress. Post-build heat treatment of 650°C/1h can
potentially reduce the residual stress in the as-built condition. The solution annealing treatment at
1050°C/1h removed the dislocation cell structure and elemental segregation at boundaries,
resulting in equilibrium structure and homogeneous solute distribution. The oxide particles in the
as-built condition, (Mn,Si)O were replaced with oxides, (Mn,Cr)O, potentially more stable in
equilibrium, and Si atoms dissolved in the solution. It is suggested that the dislocation cell structure
in the as-built condition is largely responsible for the observed low minimum creep rate. This
structure is however unstable, and can readily undergo dynamic recovery during creep, resulting
in an accelerated creep. The oxide particles distributed along the cell boundaries may also play a
role in reducing the creep rate and slow the recrystallization process during the post-build solution
annealing treatment.

Figure 14. TEM micrographs showing the microstructure of the as-built AM 316 L SS after
creep test at 550°C/275 MPa. TEM specimen was taken from the gauge section of specimen
L204.
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Figure 15. TEM micrographs showing the microstructure of the 650°C/1h heat treated AM 316 L
SS after creep test at 550°C/275 MPa. The under-focus, over-focus, and in-focus images show
voids or precipitates inside a grain. TEM specimen was taken from the gauge section of
specimen L206.

Figure 16. TEM micrographs showing the microstructure of the 1050°C/1h heat treated AM 316
L SS after creep test at 550°C/275 MPa. TEM specimen was taken from the gauge of specimen
L205.
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Location-Dependent Tensile Properties of AM 316L SS

To evaluate the effect of part geometry on tensile and creep properties and to provide
location-specific data to the TCR digital platform, 24 subsized SS-3 sheet-type specimens per rod
were EDM-machined from rod L1-8 and L2-8, respectively of AM 316L SS provided by ORNL.
Rod L1-8 was printed in laser 1 mode and rod L2-8 printed in lase 2 mode with the build ID of
20190315. The nominal diameter and length of the rods are 0.5”x4.2”. The nominal gauge
dimensions of the SS-3 specimen are 0.300°%0.060”x0.035”. The specimens were oriented with
the gauge in parallel with the build direction, and three rows of specimens were machined along
the build direction with each row having eight specimens and four each symmetrically situated
from the centerline of the cross section of the rod, as shown in Fig. 17. To track the location of
each specimen, the length of the upper grip section of the specimen was increased by different
amounts relative to the length of the lower grip section (instead of equal lengths as in a
conventional specimen). Specifically, the upper grip is 0.09” longer than the lower grip in the top
row specimens, 0.06” longer in the middle row specimens, and 0.03” longer in the bottom row
specimens. The location of a specimen within a rod is also tracked by the specimen ID. For
example, the ID “IT1” has the first number “1” representing laser 1 mode, the second letter “T”
representing the top section of the rod, and the third letter “1” showing the location of the specimen
in the cross section of the rod (see the cross section view in Fig. 17).
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Figure 17. Specimen fabrication drawing showing the orientation and location of each specimen
and schematic drawings of SS-3 sheet-type tensile specimens in the top, middle, and bottom
sections of the printed rod (unit: in).
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Tensile tests were performed in an electromechanical testing system equipped with the
Instron Bluehill software. Tests were conducted at 550°C at a nominal strain rate of 1x107%/s using
a set of pin-loading grips. The applied load was recorded by a load cell; the specimen displacement
was measured by the crosshead extension. The engineering tensile properties were determined
from the analysis of the load and displacement data.

Figure 18 shows the engineering stress-strain curves of four specimens: two in the top
section and the other two in the bottom section of rod L1-8. These four specimens showed
remarkably similar tensile behavior with comparable yield stress (YS), working hardening rate,
and ultimate tensile strength (UTS). Their tensile ductility, however, varied: specimen 1B4 has the
lowest uniform elongation (UE) and total elongation (TE), and specimen 1T4 has the highest
elongations, and both specimens are close to the centerline of the rod. Specimens 1B2 and 1T2,
which are close to the periphery of the rod, have similar elongation values that are between the
elongation values of specimens 1B4 and 1T4. There appears to be a location-dependence of tensile
ductility, as illustrated in Fig. 19. Specimens in the middle section of rod L1-8 will be tested to
provide further information. The tensile properties including yield stress, ultimate tensile strength,
uniform and total elongations are summarized in Table 3.
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Figure 18. Engineering stress-strain curves at 550°C for specimens taken in the top and bottom
sections of rod L1-8.
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Figure 19. Illustration of location-dependent uniform and total elongation values in the printed
rod L1-8. Tensile tests were conducted at 550°C.

Table 3. Location-dependent tensile property data of AM 316 L SS.

Specimen Rod Specimen Test Strain YS UTS UE TE
ID ID Type T rate (MPa) (MPa) (%) (%)
(°C) (1/s)
1T2 L1-8 SS-3 550 0.001 281 370 22.9 29.0
1T4 L1-8 SS-3 550 0.001 277 373 24.8 33.7
1B2 L1-8 SS-3 550 0.001 277 368 23.2 29.6
1B4 L1-8 SS-3 550 0.001 281 371 21.5 27.0
FUTURE WORK

Work on location-dependent tensile property will continue. Tensile tests at different
temperatures and at lower strain rates are planned. Location-specific creep property data will also
be produced using subsized SS-3 specimens. Four ASTM standard size round bar creep specimens
in laser mode 1 and laser mode 2, respectively and three ASTM standard size round bar creep
specimens in laser mode 1 and laser mode 2, respectively were fabricated from printed rods and
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are ready to be tested. Creep and low-cycle fatigue tests at 550 and 600°C have been planned for
these specimens.

We have recently received materials from ORNL including a new build of AM 316L SS,
wrought 316L SS, and AM IN718. Subsized specimens will be fabricated from the materials and
will be used for the evaluation of tensile, creep and fatigue properties.
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